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What do entangled states superpose? 
 
Art Hobson1 
 
Abstract:   
 
There is evidence that superpositions of states of non-composite quantum systems 
A exist and can be interpreted as the simultaneous existence of two or more 
physically distinct quantum states of A.  This paper shows, however, that entangled 
superposition states have a quite different character from simple superposition 
states.  Whereas a simple superposition superposes two coherent states of a non-
composite object A, entangled states superpose correlations between states of two 
incoherent subsystems A and B of a composite system AB.  Thus an entangled state 
is best conceptualized as a coherent or phase-dependent superposition of 
correlations between incoherent or phase-independent subsystem states.   
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1.  Introduction 
 
The superposition postulate of quantum physics entails that, if |A1> and |A2> are 
possible states of a quantum system A, then all normalized superpositions a|A1> + 
b|A2> (where a and b complex numbers) are also possible states of A.  For example, 
if |A1> and |A2> are orthogonal states of A, then 
 
 |A> = |A1> + |A2>        (1)   
         √2 
 
is a possible state of A.  This postulate is prerequisite to the Hilbert-space 
representation of quantum states, and the basis for conceptualizing quantum states 
as waves in a quantum field [1].  Evidence for the superposition principle comes 
from interference phenomena such as those seen in double-slit experiments.  Such 
experiments justify the interpretation of (1) as a situation in which A is 
simultaneously in both state |A1> and state |A2>.    
 
An entangled state such as  
 
 |AB> = |A1>|B1> + |A2>|B2> ,      (2)  
    √2  
 
where |Ai> and |Bi> (i=1,2) are orthogonal states of two 2-state quantum systems 
A and B, is obviously a superposition of two product states.  But what is the physical 
interpretation of this state?  Are all four of the subsystem states simultaneously 
present, i.e. is it true that A is in both its states |Ai> and B is in both its states |Bi> ?  
Can we say, in analogy with the non-entangled superposition (1), that the product 
states |A1>|B1> and |A2>|B2> are both simultaneously present, and what does this 
mean physically?   In other words, what do experiments tell us about precisely what 
is superposed by entangled states?    
 
We demonstrate here that, in the entangled superposition (2), the product states 
|A1>|B1> and |A2>|B2> are both simultaneously present, but the physical meaning 
of this superposition turns out to be surprising.  A product state such as |A1>|B1> is 
commonly assumed to represent a state of a composite system AB in which 
subsystem A is in the state |A1> and subsystem B is in the state |B1>.  Then the 
superposition (2) presumably (in analogy with the interpretation of (1)) represents a 
situation in which A is in |A1> and  B is in |B1> and  A is in |A2> and  B is in |B2>.  
However, based on experiment and standard quantum theory, we show that this is 
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incorrect.    Instead, we find that (2) represents a situation in which A and B are both 
in incoherent (phase-independent) 50-50 mixtures while being coherently (i.e. in a 
phase-dependent manner) correlated with each other.    
 
Thus, the superposition (2) can be described physically as follows:  "|A1> is 
coherently correlated with |B1> AND |A2> is coherently correlated with |B2>," 
where the word "AND" represents the superposition.  Both correlations are present 
simultaneously.  The coherence of the superposition (2) consists in phase-
dependence of the correlations between A and B:  At zero phase, the correlations are 
100% positive:  |Ai> occurs if and only if |Bi> occurs (i=1,2).  But as the phase 
increases from 0, negative correlations ("anti-correlations" in which |Ai> and 
|Bj≠i>) occur with higher and higher probability until, at phase π/2, the correlations 
are 50% positive and 50% negative and the outcomes are entirely uncorrelated.   As 
the phase increases from π/2 to π, negative correlations increasingly dominate until, 
at phase π, the correlations are 100% negative:  |Ai> and |Bj≠i> always occur.  The 
entangled superposition is neither a superposition of states of A nor a superposition 
of states of B.  It can be best described as a "coherent superposition of correlations" 
between fixed 50-50 mixed states of A and B.   
 
The paper is organized as follows:  Section 2 reviews a well-known interferometer 
experiment demonstrating the simple superposition (1) to recall the physical 
interpretation of quantum superposition and the experimental justification of this 
interpretation.    
 
Section 3 presents an experiment that explores the entire phase dependence of the 
entangled state (2) and thus provides the same kind of insight into the physical 
meaning of this entangled state that the interferometer experiment provides into the 
physical meaning of the simple superposition (1).  This experiment, and its 
accompanying standard quantum-theoretical analysis, furnish the evidence for this 
paper's conclusions.    
 
Those conclusions, already described in the preceding paragraphs, are worked out in 
Section 4 and briefly summarized in Section 5.     
 
2.  An interferometer experiment demonstrating simple superposition 
 
Experiments like the familiar double-slit experiment, in which superposed quanta 
exhibit interference effects, demonstrate the superposition principle.  Consider, for 
example, the following analog of the double-slit experiment:  Suppose an ensemble 
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of single photons moves through a Mach-Zehnder interferometer configured as in 
Figure 1.  At the lower left, one photon enters a 50-50 beam splitter BS1.  It is 
commonly stated that the beam splitter transforms the photon's state into the 
superposition (1) where |A1> and |A2> are orthonormal states representing, 
respectively, paths 1 and 2.  But what is the evidence that the photon really is 
superposed on both paths?  Such evidence comes from mirrors, phase shifters, and 
beam splitters that experimentally explore the photon's behavior.  Mirrors M bring 
the two branches together.  Phase shifters f1 and f2  alter the path lengths along each 
path by f1 or f2 .  A second beam splitter BS2 mixes the branches together.  Photon 
detectors D1 and D2 measure the outcome.   
 
 
Figure 1.  Mach-Zehnder interferometer experiment.  Figures reproduced from Art 
Hobson, Tales of the Quantum (Oxford University Press, 2017).  
 
In every trial and regardless of phase settings, an outcome occurs at either D1 or D2, 
never both, suggesting that each photon follows only one path.  These outcomes are 
random but with predictable statistics at every fixed phase setting f1  and f2.  Upon 
varying these settings, we find interference, i.e. the outcome varies with phase.  
Gradually changing f1  through 180 degrees causes the photon's detected state to 
gradually shift from 100% probability at D1, through diminishing probabilities at 
D1 and increasing probabilities at D2, until reaching 100% probability at D2.  Upon 
varying f2  alone, we find the photon exhibits similar interference.  Since either phase 
shifter can affect the photon's state, this suggests that each photon follows both paths. 
 
For further evidence, we can block either path 1 or path 2 on each trial.  Using an 
ensemble of photons, and using any blocking procedure, we always find phase-
independent 50-50 outcomes at D1 and D2, i.e. a mixed state with no interference.  
Clearly, the presence of both paths is essential if interference is to occur.   Each 
photon follows different statistics depending on whether both paths, or only one, is 
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open, even though cooperative effects are ruled out by the use of single photons.  
Thus when both paths are open, each photon must be in a coherent (i.e. phase-
dependent) superposition of following both paths and "interfere only with itself" [1, 
2].  The experimental results, shown in Figure 2, also reveal that the outcome 
probabilities depend only on the phase difference f2-f1  between the paths.   
 
    
Figure 2.  Interference in the Mach-Zehnder interferometer experiment.  
 
3.  An entangled superposition:  the Rarity-Tapster-Ou experiment   
 
The purpose of this paper is to better understand entangled superpositions such as 
(2), where the |Ai> and |Bi> (i=1,2) are orthonormal states of two 2-state quantum 
systems A and B.  (2) obviously represents a superposition of the two non-entangled 
product states |A1>|B1> and |A2>|B2>.  But what specifically is superposed and 
what is the experimental evidence for it?  Section 2 demonstrates that to properly 
understand a superposition, one must understand its phase dependence.  
Understanding the phase-dependence of entangled photon states is central to the 
experiments testing Bell's inequality [3], beginning with those of Clauser [4]  and 
Aspect. [5]   
 
Two independent groups, Rarity and Tapster [6] and Ou, Zou, Wang and Mandel 
[7], reported nearly simultaneously in 1990 on similar interferometer experiments 
using momentum-entangled pairs of photons A and B to study the state (2). [8]  These 
"RTO experiments," as we shall call them, were tests of Bell inequalities, similar to 
other tests [4, 5] but based on momentum-entangled photon pairs rather than, as in 
the previous experiments, polarization-entangled pairs.  Because the RTO 
experiments are equipped with mirrors, phase shifters, and beam splitters, the 
experiment can investigate the complete phase dependence of the entangled state (2) 
in a manner that sheds new light on this state.   
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We will describe the experiment and its quantum-theoretical analysis.  Figure 3 
shows the layout.2  The source creates entangled photon pairs A, B by laser down-
conversion in a non-linear crystal.  The pure state |AB> (Eq. (2)) is prepared by 
selecting four single-photon beams, each a plane wave having a distinct wave vector, 
from the output of the down-conversion crystal.  The layout of Figure 3 resembles 
two back-to-back Mach-Zehnder interferometer experiments (Figure 1) with BS1 
located effectively inside the source.  One superposed photon A moves leftward and 
the other photon B moves rightward. The figure represents each photon by a pair of 
wave packets with shading corresponding to their entangled nature.  The composite 
system AB should be regarded as a single "biphoton" spreading outward from the 
source, with one biphoton branch spreading along the solid path (represented by the 
first term in (2)) and the other superposed branch spreading along the dashed path 
(the second term in (2)).  As AB moves outward along the solid path, photon A 
encounters a mirror M, then a beam splitter BS where it transmits and reflects to 
detectors A1 and A2; photon B encounters a mirror M, a phase shifter fB, and a beam 
splitter BS where it transmits/reflects to detectors B1/B2.  The other half of the 
superposition, namely the dashed path, has a similar description.  The experiment 
records outcomes at the four single-photon detectors Ai and Bi (i=1,2), and at the 
four biphoton coincidence detectors (Ai, Bj) (i=1,2 and j=1,2).   
Figure 3.  The RTO experiment.  
 
                                               2	In	Figure	3,	the	paired	photons	are	oppositely-directed.		This	arrangement	would	result	if	the	entanglement	were	prepared	by	the	cascade	decay	of	an	atom	as	in	Ref.	[9].		However,	the	A	and	B	sides	of	Figure	3	represent,	in	RTO's	down-conversion	experiments,	different	angular	cones	into	which	the	down-converted	photon	pairs	are	emitted,	so	RTO's	actual	experimental	layout	is	different	from	Figure	3.		The	simpler	geometry	of	Figure	3	is	pictured	here	for	clarity	of	presentation.		This	has	no	effect	on	our	arguments.						
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To predict RTO's results, Horne, Shimony, and Zeilinger [10, 11] carry out a 
standard optical-path analysis.  They begin by calculating the four two-point 
nonlocal quantum field amplitudes Y(Ai, Bj) (i, j = 1, 2) at the four biphoton 
coincidence detectors.  For example, the probability amplitude for the outcome (A1, 
B2) has two contributions.  One arises from phase shifts in the beam following the  
solid path (the first term in (2)), while the other arises from the dashed path (the 
second term in (2)).  Assuming distinct plane waves exp(ik•x) for each of the four 
single-photon beams, and taking phase shifts, mirrors and beam splitters into 
account, Horne et al. obtain the following nonlocal amplitude for the biphoton 
coincidence pair (A1, B2):  
 
 Y(A1,B2) = {exp(ifw)exp[i(fx+fB)] + exp[i(fy +fA)] exp(ifz)}/2√2. (3) 
 
Here, fw, fx, fy, fz are fixed phase-shifts accounting for mirrors and beam splitters, 
and the additional factor of 1/2 comes from the superpositions that occur at the two 
beam splitters.  Equation (3) entails the coincidence probability  
 
 P(A1, B2) = |Y(A1,B2)|2 = [1+cos(fB-fA + fv)]/4   (4) 
 
where fv is a fixed phase arising from the fixed phases fw, fx, fy, fz.  Similarly,  
 
 P(A1, B1) = [1+cos(fB-fA + fu)]/4,      (5) 
 
where + fu is another fixed phase.  There are also similar expressions for P(A2, B1) 
and P(A2, B2).  Remarkably, the sinusoidal terms predict nonlocal interference 
between A and B, regardless of their separation.  A single-photon prediction such as 
P(A1) then follows from the standard probability relation 
 
 P(A1) = P(A1, B1) + P(A1, B2).      (6) 
 
Using (4) and (5),   
 
 P(A1) = [1+cos(fB-fA + fu)]/4 + [1+cos(fB-fA + fv)]/4.  (7) 
 
Horne et al. then show the two fixed phase factors fu and fv differ by π:   
 
 fv = fu + π (mod 2π).         (8)  
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Thus the sinusoidal terms in (7) interfere destructively, and we are left with P(A1) = 
1/2 regardless of phase.  This remarkable result arises from the destructive 
interference of two coherent (phase-dependent) non-local contributions from the 
distant other photon!  The result at all four single-photon detectors is the same:  
 
 P(A1) = P(A2) = P(B1) = P(B2) = 1/2.     (9) 
 
Unlike the non-entangled single-photon case (1), where the photon remains coherent 
(phase-dependent) as shown by the graph of P(D1) in Figure 2, entangled photons 
do not interfere with themselves, i.e. they are "decohered." [12]  Instead of 
interfering with themselves, they interfere with each other across an arbitrary 
separation.  The phase independence of single-photon detection probabilities means 
no single-photon interference fringes are associated with this entangled state [10].  
Nature has good reason for this:  Any single-photon phase dependence could be used 
to establish an instantaneous communication channel between A and B, violating 
special relativity.  Thus entanglement must deprive individual photons of their phase.  
Nature is faced here with a delicate dilemma:  In order for the biphoton to be a 
coherent quantum object, it must show phases across both photons (i.e. nonlocally), 
as demonstrated by the "biphoton interference" of equations (4) and (5).  But in order 
to comply with special relativity, the biphoton must also interfere destructively with 
itself at each single-photon detector.    
 
Equation (9) can also be derived using density operators [12, Section 2.6.2].  One 
forms the density operator corresponding to the pure state (2) and traces this over 
one subsystem to obtain the density operator for the other subsystem.  This yields 
two density operators that, mathematically, appear to be mixtures but are often called 
"improper mixtures" because neither subsystem is really in a mixture; the entire 
biphoton, and hence both subsystems A and B, are in are in fact in the pure state (2) 
so they are not in mixtures.  The straightforward optical path analysis outlined above 
derives (9) while avoiding these controversial [12] subtleties.  Importantly, the 
optical path analysis derives the entire phase dependence of the entangled state (2).  
As we shall see in Section 4, this phase dependence reveals new insights regarding 
the physical meaning of entanglement.    
 
We adopt a few definitions:  If photon is detected in state 1 and the other in state 2, 
we shall call the two outcomes "different."  Otherwise, the outcomes are the "same."  
Then from (4), (5), and similar expressions for P(A2, B1) and P(A2, B2), we find the 
probabilities 
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 P(same) = P(A1,B1) + P(A2,B2) = 1/2[1 + cos(fB - fA)]   (10) 
 
 P(different) = P(A1,B2) + P(A2,B1) = 1/2[1 - cos(fB - fA)].  (11) 
 
We define their difference as a new quantity C, called (for reasons discussed below) 
the "degree of correlation": 
 
 C = P(same) - P(different) = cos(fB-fA)     (12) 
 
where we have used (10) and (11).  Figure 4 graphs C as a function of the nonlocal 
phase angle fB-fA.  This is the primary theoretical outcome of this analysis.  Section 
4 explores its physical significance. 
  
Figure 4.  Nonlocal interference in the RTO experiment.    
 
4.  What do entangled states superpose?   
 
The central purpose of the RTO experiments was to demonstrate violations of Bell's 
inequality by comparing the quantum predictions, Figure 4, with experimental 
measurements.  The experimental results agree with Figure 4, and violate Bell's 
inequality by 10 standard deviations, confirming the nonlocal nature of the entangled 
state (2). 
 
What is the physical significance of Figure 4?  At zero phase difference, where the 
phase shifters are set to equal phases, P(same) = 1 and C = P(same) - P(different) = 
+1.  For this phase setting, the outcomes at both stations always agree, i.e. outcomes 
are perfectly correlated, despite the presence of beam splitters that randomly mix 
each photon prior to detection (see Figure 3).  This is as though coins were flipped 
at each station and they always came out either both heads or both tails!   
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For small non-zero phase differences, there is a small probability P(different) that 
the results at the two stations will differ.  Thus the two photons are no longer 
perfectly correlated, and observation of B no longer provides reliable information 
about the outcome at A.  With increasing phase difference, P(different) increases 
while P(same) decreases until, at π/2, P(same) = P(different) = 0.5 and C=0, i.e. an 
observation at B provides no information about A's outcome.  The two detector pairs 
are now entirely uncorrelated.  As the phase increases from π/2 to π, P(different) 
increases from 0.5 to 1 while P(same) decreases from 0.5 to 0, making C more and 
more negative.  Finally, C = -1 at a phase difference of π, implying perfect anti-
correlation.   As we see, C is aptly described as the "degree of correlation" between 
the photons.   
 
Thus, the phase of the entangled superposition |AB> controls the degree of 
correlation between fixed phase-independent ("incoherent" or "mixed") states of the 
two subsystems.  This is qualitatively quite different from the simple superposition 
(1) where the phase controls the state of the single system A.   
 
To elaborate this crucial point, Table 1 compares single-photon superposition 
(Figures 1 and 2) with two-photon entangled superposition (Figures 3 and 4), at five 
phase differences.  Column 2 shows the state of the single photon to be a 
superposition of two paths, implying interference between the two states as the 
length of either path varies.  In  contrast, column 4 shows no evidence that the state 
of either photon is a superposition of two single-photon paths.  That is, neither 
photon interferes with itself.  Column 4 shows in fact that both photons are in 
incoherent (phase-independent) 50-50 states, just as though they were in 50-50 
mixtures.  To put it another way, entanglement decoheres [12] both photons.  But 
the coherence of the system has not vanished, it has only been transferred.  As shown 
in column 5, the phase dependence now resides in the degree of correlation between 
states of A and B.  Thus, the degree of correlation between single incoherent photons 
is all that varies as the biphoton's phase varies from 0 to π.  The individual photons 
remain in fixed 50-50 states.   
 
Thus (1) represents a coherent (phase dependent) superposition of two single-system 
states.  The state |A> of the system varies with phase--the single photon is, as 
Schrodinger put it, "smeared," [13] i.e. its state varies from |A1> to |A2> as its phase 
varies from 0 to π, demonstrating that the photon is in both states (i.e. present on 
both paths) simultaneously. 
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Simple superposition of one photon.      Entangled superposition of two photons   
f2-f1 State of photon      fB-fA State of each photon Correlation between photons 
0 100% 1, 0% 2      0 50-50 1 or 2 100% corr, 0% anticorr  
π/4 71% 1, 29% 2      π/4 50-50 1 or 2 71% corr, 29% anticorr  
π/2 50% 1, 50%2      π/2 50-50 1 or 2 50% corr, 50% anticorr  
3π/4 29% 1, 71% 2      3π/4 50-50 1 or 2 29% corr, 71% anticorr  
π 0% 1, 100% 2      π 50-50 1 or 2 0% corr, 100% anticorr  
Table 1.  Comparison of a simple superposition (Fig. 2) with an entangled superposition (Fig. 4).  
In Fig. 2, the single photon's state varies with phase.  In Fig. 4, entanglement decoheres the 
individual photons and only the correlation between the photons' fixed states varies with phase.    
 
Eq. (2), on the other hand, represents a coherent superposition of correlations 
between states of two incoherent subsystems.  Neither subsystem is smeared; 
instead, only the degree of correlation between subsystems is smeared.  There is no 
evidence that either subsystem is superposed.  Instead, theory and experiment show 
that, as the phase of the entangled superposition varies from 0 to π, correlations 
between subsystems vary from "same" to "different" while the subsystems 
themselves remain in unchanging 50-50 mixtures.   
 
Thus, (2) represents a situation in which  |A1> is coherently correlated with |B1> 
AND |A2> is coherently correlated with |B2>, where “AND” indicates the 
superposition.  Equation (2) is a superposition of coherent states, but the meaning of 
its coherence is quite different from that in (1).  Whereas (1) is a superposition of 
coherent states, (2) is a superposition of coherent correlations between fixed 
(incoherent) states.   Whereas (1) says two states of A are simultaneously true, (2) 
says two correlations between  states of A and B are simultaneously true.  
 
5. Conclusion 
 
Entangled superpositions are different from simple superpositions.  The simple 
superposition (1) superposes two coherent states of A, while the entangled state (2) 
superposes coherent correlations between states of two subsystems A and B.  Thus 
the entangled state is best conceptualized as a superposition of correlations between 
fixed (phase-independent) subsystem states.   
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